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[0001]This application claims the benefit of U.S. Provisional Application Serial No. 
60/406,241, filed August 27, 2002, which is incorporated herein in its entirety by 
reference. 

[0002] The present invention was made with Government support under Grant No. 
ECS-01 96054 awarded by the National Science Foundation. The United States 
Government may have certain rights to this invention under 35 U.S.C. §200 et seq. 

TECHNICAL FIELD OF THE INVENTION 
[0003]The present invention is in the field of nanoscale electronics. Specifically, the 
present invention is in the field of methods for forming segregated quantum 
structures for use in nanoscale electronics. 

BACKGROUND AND SUMMARY OF THE INVENTION 
[0004] As used herein, the term "segregated quantum structure" shall be understood 
to mean an isolated mass of material capable of holding an extra carrier. Typically, a 
segregated quantum structure of the present invention will be encased in a shell of 
processed semiconductor material in all three dimensions. 
[0005] Further, the term "segregated quantum structure" is synonymous with 
quantum dot. 

[0006] As used herein, the term "quantum well" shall be understood to mean a 
precursor configuration of unprocessed materials, which when processed will give 
rise to the formation of segregated quantum structures. Typically, a quantum well of 
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the present invention will provide carrier confinement in only one dimension when 
processed. The term "thinned quantum well" shall be understood to mean the 
precursor configuration of processed materials prior to re-processing. 
[0007] The present invention includes: methods for forming quantum tunneling 
devices, various quantum tunneling devices and various electronic devices. 
[0008] A preferred method of the present invention for forming quantum tunneling 
devices comprises the steps of: (1) providing a quantum well, the quantum well 
comprises a composite material, the composite material comprises at least a first 
and a second material; and (2) processing the quantum well so as to form at least 
one segregated quantum tunneling structure encased within a shell comprised of a 
material arising from processing the composite material, wherein each segregated 
quantum structure is substantially comprised of the first material. 
[0009] While the composite material may comprise any suitable mixture, doped 
mixture, or blend of at least two materials, it is generally preferred that the composite 
material comprise a material selected from the group consisting of: composites 
comprising silicon, composites comprising germanium, composites comprising 
carbon, a silicon-germanium composite, a silicon-carbon composite, a germanium- 
carbon composite, a silicon-tin composite, a silicon-germanium-carbon composite, a 
silicon-germanium-carbon-tin composite, a gallium-arsenic composite, an indium- 
arsenic composite, an aluminum-arsenic composite, an aluminum-gallium-arsenic 
composite, an indium-gallium-arsenic composite, an indium-phosphorous composite, 
an indium-antimony composite, a gallium-antimony composite, an aluminum- 
antimony composite, an indium-gallium-antimony composite, a gallium-aluminum- 
antimony composite, an indium-gallium-antimony composite, a gallium-aluminum- 
antimony composite, an indium-aluminum-antimony composite, an indium-gallium- 
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aluminum-antimony composite, an indium-nitrogen composite, a gallium-nitrogen 
composite, an aluminum-nitrogen composite, an indium-gallium-nitrogen composite, 
a gallium-aluminum-nitrogen composite, an indium-gallium-aluminum-nitrogen 
composite, an indium-gallium-arsenic-nitrogen composite, a zinc-sulfur composite, a 
zinc-selenium composite, a zinc-tellurium composite, a cadmium-sulfur composite, a 
cadmium-tellurium composite, a mercury-sulfur composite, a mercury-selenium 
composite, a mercury-tellurium composite, a mercury-cadmium-tellurium composite, 
and mixtures thereof. 

[0010] It is further preferred that at least a portion of the shell is sufficiently thin 
enough to permit quantum tunneling of electrons from a first segregated quantum 
structure to a second structure selected from the group consisting of segregated 
quantum structures and electrodes. In order to ensure that the shell is sufficiently 
thin enough to permit quantum tunneling, it is preferred that the shell is reduced in 
thickness after processing. 

[0011] While any appropriate processing method may be used to create the 
segregated quantum structure, the preferred methods include oxidation, reduction, 
and nitridation. An appropriate processing method is a processing method in which 
one of the materials undergoes a preferential reaction wherein that material has a 
faster reaction rate than the other materials. It is preferred that an appropriate 
processing method be self-limiting. It is further preferred that an appropriate 
processing method cause the migration of at least one of the materials into 
segregated quantum structures while transforming at least some of the remaining 
materials into a shell of a material arising from the process. 
[0012] It is preferred that the segregated quantum structure has no dimension 
greater than about 500 nanometers. 
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[0013] In order to control uniformity in quantum tunneling devices of the present 
invention, it is preferred to apply a mask to the quantum well. Further, it is 
additionally preferred to remove at least a portion of the material arising from 
processing the composite material from the shell thereby thinning the shell and 
forming a thinned quantum well. It is even more preferred to re-process the thinned 
quantum well. It is preferred that the re-processing is accomplished by a process 
selected from the group consisting of: oxidation, reduction, and nitridation. 
[0014] It is preferred that each segregated quantum structure is separated from each 
other segregated quantum structure by material arising from the processing of the 
composite material. 

[0015] A preferred quantum tunneling device of the present invention is formed in 
accordance with the method described above. 

[0016] A second method of the present invention for forming quantum tunneling 
devices comprises: (1) providing a quantum well comprising at least three layers, 
each of the at least three layers comprising a first material, wherein at least one of 
the at least three layers additionally comprises at least a second material; and (2) 
processing the quantum well so as to form at least one segregated quantum 
structure comprising at least the second material encased in a material arising from 
processing the first material. 

[001 7] It is preferred that each layer comprising the second material is disposed 
between at least two layers not comprising the second material. 
[0018] It is preferred that the first material is selected from the group consisting of 
silicon, germanium, carbon, tin, gallium, arsenic, indium, aluminum, boron, 
phosphorus, antimony, nitrogen, zinc, sulfur, selenium, tellurium, cadmium, mercury, 
lead, and mixtures thereof. Additionally, it is preferred that the first material 
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comprises a component selected from the group consisting of elements of group MA 
of the periodic table, elements of group IMA of the periodic table, elements of group 
IVA of the periodic table, elements of group VA of the periodic table, elements of 
group VIA of the periodic table, and mixtures thereof. 

[001 9] It is preferred that the second material is selected from the group consisting of 
silicon, germanium, carbon, tin, gallium, arsenic, aluminum, indium, boron, 
phosphorus, antimony, nitrogen, zinc, sulfur, selenium, tellurium, cadmium, mercury, 
lead, and mixtures thereof. Additionally, it is preferred that the second material is 
selected from the group consisting of elements of group MA of the periodic table, 
elements of group IMA of the periodic table, elements of group IVA of the periodic 
table, elements of group VA of the periodic table, elements of group VIA of the 
periodic table, and mixtures thereof. 

[0020] Although any appropriate processing means may be used to process the 
quantum well, it is preferred that the processing is accomplished by a process 
selected from the group consisting of oxidation, reduction, and nitridation. 
[0021] It is preferred that at least a portion of the first material encasing the at least 
one segregated quantum structure is sufficiently thin enough to permit quantum 
tunneling of electrons from a first segregated quantum structure to a second 
structure selected from the group consisting of segregated quantum structures and 
electrodes. 

[0022] A preferred quantum tunneling device of the present invention is formed in 
accordance with the methods described above. 

[0023] Yet another method of the present invention for forming quantum tunneling 
devices, comprises the steps of: (1) growing a quantum well on a substrate, the 
quantum well comprises at least a first material and a second material; (2) patterning 
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a mask on said quantum well; (3) etching the quantum well so as to form a pillar; and 
(4) processing the pillar so as to convert the first material thereby forming an altered 
first material and causing the second material to form at least one segregated 
quantum structure embedded in the altered first material. 

[0024] It is preferred that the method additionally comprise the steps of: (1) etching 
the altered first material so as to form a re-etched pillar; and (2) subjecting the re- 
etched pillar to a process so as to further alter the re-etched pillar. 
[0025] It is preferred that the quantum well comprises at least three layers each of 
which comprises a first material, wherein at least one said layer further comprises a 
second material. 

[0026] It is even more preferred that each layer comprising a second material is 
disposed between at least two layers substantially not comprising the second 
material. 

[0027] It is preferred that the substrate comprises a material selected from the group 
consisting of silicon, germanium, a silicon-carbon mixture, an indium-arsenic mixture, 
a gallium-arsenic mixture, an aluminum-arsenic mixture, an indium-phosphorus 
mixture, a gallium-phosphorus mixture, an aluminum-phosphorus mixture, an indium- 
antimony mixture, an aluminum-antimony mixture, an indium-nitrogen mixture, a 
gallium-nitrogen mixture, an aluminum-nitrogen mixture, an indium-arsenic mixture, a 
gallium-antimony mixture, sapphire, alumina, diamond, and mixtures thereof. 
[0028] It is preferred that the first material is selected from the group consisting of 
silicon, germanium, carbon, tin, gallium, arsenic, indium, aluminum, phosphorus, 
boron, antimony, nitrogen, zinc, sulfur, selenium, tellurium, cadmium, mercury, lead, 
and mixtures thereof. Alternatively, it is preferred that the first material is selected 
from the group consisting of elements of group MA of the periodic table, elements of 
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group IIIA of the periodic table, elements of group IVA of the periodic table, elements 
of group VA of the periodic table, elements of group VIA of the periodic table, and 
mixtures thereof. 

[0029] It is preferred that the second material is selected from the group consisting of 
silicon, germanium, carbon, tin, gallium, arsenic, indium, aluminum, phosphorus, 
boron, antimony, nitrogen, zinc, sulfur, selenium, tellurium, cadmium, mercury, lead, 
and mixtures thereof. 

[0030] It is preferred that the mask is patterned by a process selected from the group 
consisting of electron-beam lithography, contact lithography, projection lithography, 
self-assembly through modification by wetting and de-wetting, and nano-imprinting. 
Further, it is preferred that the mask comprises a material selected from the group 
consisting of silicon, silicon dioxide, silicon nitride, titanium, gold, platinum, nickel, 
chromium, aluminum, silver, tantalum, molybdenum and mixtures thereof. It is more 
preferred that the mask is a photoresist. Although the mask may be of any desired 
size, it is preferred that the mask has a diameter in the range of about 0.5 
nanometers to about 500 nanometers. 

[0031] It is preferred that the quantum well is etched by a process selected from the 
group consisting of plasma etching, wet etching with acidic solutions, wet etching 
with basic solution, anisotropic etching, isotropic etching, barrel etching, reactive ion 
etching, electron cyclotron resonance reactive ion etching, and inductively coupled 
plasma reactive ion etching. 

[0032] It is preferred that the pillar has a diameter in the range of about 0.5 
nanometers to about 500 nanometers. 
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[0033] It is preferred that each of the at least one segregated quantum structures has 
a diameter of less than about 50 nanometers. It is even more preferred that each of 
the at least one segregated quantum tunneling structures is substantially crystalline. 
[0034] It is preferred that the altered first material is etched by a process selected 
from the group consisting of plasma etching, wet etching with acidic solutions, wet 
etching with basic solution, anisotropic etching, isotropic etching, barrel etching, 
reactive ion etching, electron cyclotron resonance reactive ion etching, and 
inductively coupled plasma reactive ion etching. 

[0035] It is preferred that the re-etched pillar has a diameter less than the diameter of 
the pillar. 

[0036] Preferred quantum tunneling devices of the present invention are formed in 
accordance with the method described above. 

[0037] A quantum tunneling device of the present invention comprises: (1 ) at least 
one segregated quantum structure; and (2) a casing of a first material encapsulating 
the at least one segregated quantum structure, wherein the casing is sufficiently thin 
so as to permit quantum tunneling of electrons from a first segregated quantum 
structure to a structure selected form the group consisting of segregated quantum 
structures and electrodes. 

[0038] It is preferred that the at least one segregated quantum structure has a 
diameter of less than about 200 nanometers. It is more preferred that the at least 
one segregated quantum tunneling structure has a diameter of less than about 50 
nanometers. 

[0039] It is preferred that the segregated quantum structure comprises a material 
selected from the group consisting of silicon, germanium, carbon, tin, gallium, 
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arsenic, indium, aluminum, phosphorus, boron, antimony, nitrogen, zinc, sulfur, 
selenium, tellurium, cadmium, mercury, lead, and mixtures thereof. 
[0040] It is preferred that the first material comprises a material selected from the 
group consisting of silicon, germanium, carbon, tin, gallium, arsenic, indium, 
aluminum, phosphorus, antimony, nitrogen, zinc, sulfur, selenium, tellurium, 
cadmium, mercury, and mixtures thereof. Alternatively, it is preferred that the first 
material comprises a semi-conductive material selected from the group consisting of 
elements of group IIA of the periodic table, elements of group IIIA of the periodic 
table, elements of group IVA of the periodic table, elements of group VA of the 
periodic table, elements of group VIA of the periodic table, and mixtures thereof. 
[0041] It is preferred that the first material has been altered by a process selected 
from the group consisting of oxidation, reduction, and nitridation. 
[0042] It is preferred that the quantum tunneling device has no dimension greater 
than 500 nanometers. 

[0043] It is preferred that the casing is substantially non-crystalline. It is further 
preferred that the at least one segregated quantum structure is substantially 
crystalline. 

[0044] It is preferred in quantum tunneling devices having at least two segregated 
quantum structures, that the at least two segregated quantum structures are 
substantially aligned along an axis so as to form a segregated quantum tunneling 
wire. 

[0045] An electronic device of the present invention comprises: (1) a quantum 
tunneling device, the quantum tunneling device comprises at least one segregated 
quantum structure and a casing of a first material encapsulating the at least one 
segregated quantum structure; and (2) at least one electrode, wherein the casing is 
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sufficiently thin so as to permit quantum tunneling of electrons from a segregated 
quantum structure to the at least one said electrode. 

[0046] It is preferred that each segregated quantum structure has a diameter less 
than about 200 nanometers. It is more preferred that each segregated quantum 
structure has a diameter less than about 100 nanometers. It is most preferred that 
each segregated quantum structure has a diameter not exceeding about 25 
nanometers. 

[0047] It is preferred that the segregated quantum structure comprises a material 
selected from the group consisting of silicon, germanium, carbon, tin, gallium, 
arsenic, indium, aluminum, phosphorus, boron, antimony, nitrogen, zinc, sulfur, 
selenium, tellurium, cadmium, mercury, lead, and mixtures thereof. 
[0048] It is preferred that the first material comprises a material selected from the 
group consisting of silicon, germanium, carbon, tin, gallium, arsenic, indium, 
aluminum, phosphorus, boron, antimony, nitrogen, zinc, sulfur, selenium, tellurium, 
cadmium, mercury, lead, and mixtures thereof. Alternatively, it is preferred that the 
first material comprises a semi-conductive material selected from the group 
consisting of elements of group MA of the periodic table, elements of group IIIA of the 
periodic table, elements of group IVA of the periodic table, elements of group VA of 
the periodic table, elements of group VIA of the periodic table, and mixtures thereof. 
[0049] It is preferred that the first material has been altered by a process selected 
from the group consisting of oxidation, reduction, and nitradation. 
[0050] It is preferred that the at least one electrode comprises a material selected 
from the group consisting of lithium, beryllium, boron, carbon, nitrogen, oxygen, 
aluminum, silicon, calcium, titanium, vanadium, manganese, iron, cobalt, nickel, 
copper, zinc, gallium, germanium, arsenic, yttrium, zirconium, niobium, molybdenum, 
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palladium, silver, cadmium, indium, tin, antimony, barium, tantalum, tungsten, 
iridium, platinum, gold, mercury, thallium, lead, bismuth, and mixtures thereof. 
[0051] It is preferred that the segregated quantum structure is substantially 
crystalline. It is further preferred that the casing is substantially non-crystalline. 
[0052] It is preferred that the electronic device is operational at temperatures in 
excess of about 1 K. It is more preferred that the electronic device is operational at 
temperatures in excess of about 200K. 

[0053] In electronic devices comprising at least two segregated quantum structures, 
it is preferred that each segregated quantum structure is encapsulated in a casing of 
the first material and that each segregated quantum structure is separated from each 
other segregated quantum structure by a sufficiently thin layer of a first material so 
as to permit quantum tunneling of electrons from a given segregated quantum 
structure to at least one other segregated quantum structure. 
[0054] It is further preferred that the at least two segregated quantum structures are 
substantially aligned along an axis so as to form a segregated quantum tunneling 
wire. 

[0055] A quantum-dot cellular automata node switch of the present invention 
comprises: (1) at least two quantum tunneling devices, each quantum tunneling 
device comprising: (a) at least one segregated quantum structure and (b) a casing of 
a first material encapsulating the at least one segregated quantum structure, wherein 
each quantum tunneling device is adjacent to at least one other quantum tunneling 
device such that at least one segregated quantum structure in a first quantum 
tunneling device is separated by a distance from at least one segregated quantum 
structure in a second quantum tunneling device, and wherein the distance is 
sufficiently small so as to permit coulombic interaction between electrons from at 
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least one segregated quantum structure in the first quantum tunneling device and at 
least one segregated quantum structure in the second quantum tunneling device; 
and (2) at least two electrodes, each electrode separated from a segregated 
quantum structure by a distance, wherein the distance is sufficiently small so as to 
permit coulombic interaction between electrons of the segregated quantum tunneling 
structure and the electrode. 

[0056] It is preferred that each segregated quantum structure has a diameter less 
than about 200 nanometers. It is more preferred that each segregated quantum 
structure have a diameter less than about 50 nanometers. It is most preferred that 
each segregated quantum structure has a diameter not exceeding about 10 
nanometers. 

[0057] It is preferred that the segregated quantum structure comprises a material 
selected from the group consisting of silicon, germanium, carbon, tin, gallium, 
arsenic, indium, aluminum, phosphorus, boron, antimony, nitrogen, zinc, sulfur, 
selenium, tellurium, cadmium, mercury, lead, and mixtures thereof. 
[0058] It is preferred that the first material comprises a material selected from the 
group consisting of silicon, germanium, carbon, tin, gallium, arsenic, indium, 
phosphorus, boron, antimony, aluminum, nitrogen, zinc, sulfur, selenium, tellurium, 
cadmium, mercury, lead, and mixtures thereof. Alternatively, it is preferred that the 
first material comprises a semi-conductive material selected from the group 
consisting of elements of group IIA of the periodic table, elements of group IIIA of the 
periodic table, elements of group IVA of the periodic table, elements of group VA of 
the periodic table, elements of group VIA of the periodic table, and mixtures thereof. 
[0059] It is preferred that the first material has been altered by a process selected 
from the group consisting of oxidation, reduction, and nitradation. 
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[0060] It is preferred that each at least one electrode comprises a material selected 
from the group consisting of lithium, beryllium, boron, carbon, nitrogen, oxygen, 
aluminum, silicon, calcium, titanium, vanadium, manganese, iron, cobalt, nickel, 
copper, zinc, gallium, germanium, arsenic, yttrium, zirconium, niobium, molybdenum, 
palladium, silver, cadmium, indium, tin, antimony, barium, tantalum, tungsten, 
iridium, platinum, gold, mercury, thallium, lead, bismuth, and mixtures thereof. 
[0061] It is preferred that at least one of the at least two segregated quantum 
structures is substantially crystalline. It is further preferred that the casing is 
substantially non-crystalline. 

[0062] It is preferred that the quantum-dot cellular automata node switch of the 
present invention is operational at temperatures in excess of about 2K. It is even 
more preferred that the quantum-dot cellular automata node switch is operational at 
temperatures in excess of about 200K. 

[0063] Another quantum-dot cellular automata node switch of the present invention 
comprises: (1) a quantum tunneling device, the quantum tunneling device comprises 
(a) a casing of a first material and (b) at least two segregated quantum structures, 
wherein each segregated quantum structure is encapsulated in a casing of the first 
material, and wherein each segregated quantum structure is separated from each 
other segregated quantum structure by a sufficiently thin layer of the first material so 
as to permit coulombic interaction between electrons from a first segregated 
quantum structure to a second segregated quantum structure; and (2) at least two 
electrodes, each electrode separated from a respective segregated quantum 
structure by the casing, the casing being sufficiently thin so as to permit coulombic 
interaction between electrons from the electrode to a respective segregated quantum 
structure. 
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[0064] It is preferred that each segregated quantum structure has a diameter less 
than about 200 nanometers. It is more preferred that each segregated quantum 
structure have a diameter less than about 100 nanometers. It is most preferred that 
each segregated quantum structure has a diameter less than about 20 nanometers. 
[0065] It is preferred that the segregated quantum structure comprises a material 
selected from the group consisting of silicon, germanium, carbon, tin, gallium, 
arsenic, indium, aluminum, boron, phosphorus, antimony, nitrogen, zinc, sulfur, 
selenium, tellurium, cadmium, mercury, lead, and mixtures thereof. 
[0066] It is preferred that the first material comprises a material selected from the 
group consisting of silicon, germanium, carbon, tin, gallium, arsenic, indium, 
aluminum, phosphorus, antimony, nitrogen, zinc, sulfur, selenium, tellurium, 
cadmium, mercury, boron, lead, and mixtures thereof. Alternatively, it is preferred 
that the first material comprises a semi-conductive material selected from the group 
consisting of elements of group MA of the periodic table, elements of group MIA of the 
periodic table, elements of group IVA of the periodic table, elements of group VA of 
the periodic table, elements of group VIA of the periodic table, and mixtures thereof. 
[0067] It is preferred that the first material is altered by a process selected from the 
group consisting of oxidation, reduction, and nitradation. 

[0068] It is preferred that each electrode comprises a material selected from the 
group consisting of lithium, beryllium, boron, carbon, nitrogen, oxygen, aluminum, 
silicon, calcium, titanium, vanadium, manganese, iron, cobalt, nickel, copper, zinc, 
gallium, germanium, arsenic, yttrium, zirconium, niobium, molybdenum, palladium, 
silver, cadmium, indium, tin, antimony, barium, tantalum, tungsten, iridium, platinum, 
gold, mercury, thallium, lead, bismuth, and mixtures thereof. 
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[0069] It is preferred that at least one of the at least two segregated quantum 
structures is substantially crystalline. It is further preferred that the casing is 
substantially non-crystalline. 

[0070] It is preferred that the quantum-dot cellular automata node switch is 
operational at temperatures in excess of about 2K. It is more preferred that the 
quantum-dot cellular automata node switch is operational at temperatures in excess 
of about 50K. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0071] Figure 1a illustrates a lateral transport SET device of the present invention. 
[0072] Figure 1 b illustrates a lateral transport RTD device of the present invention. 
[0073] Figure 1c illustrates a second lateral transport RTD device of the present 
invention. 

[0074] Figure 1d illustrates a vertical transport SET device of the present invention. 

[0075] Figure 1e illustrates a vertical transport RTD device of the present invention. 

[0076] Figure 1f illustrates a lateral transport SET-based QCA node switch in 

accordance with one embodiment of the present invention. 

[0077] Figure 1g illustrates a lateral transport RTD-based QCA node switch in 

accordance with one embodiment of the present invention. 

[0078] Figure 1 h illustrates a vertical transport RTD-based QCA node switch in 

accordance with one embodiment of the present invention. 

[0079] Figure 2a is a schematic diagram of a four-segregated quantum structure 

QCA cell. 

[0080] Figure 2b compares the two energetically equivalent arrangements of 
electrons providing for a cell polarization, P, of +1 and -1. . . 
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[0081] Figure 3 is a schematic diagram of the process steps used to form a quantum- 
tunneling device of the present invention. 
[0082] Figure 4a is a schematic of a QCA based quantum wire. 
[0083] Figure 4b is a schematic of a QCA inverter. 
[0084] Figure 4c is a schematic of a QCA three-input majority gate. 
[0085] Figure 4d represents the logic symbol used for the three-input majority gate 
illustrated in Figure 4c. 

[0086] Figure 5 is a simplified schematic of a three-input majority gate. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 
[0087] In accordance with the foregoing summary, the following presents a detailed 
description of the preferred embodiment(s) of the invention that are currently 
considered to be the best mode. 

[0088] The present invention provides a novel process for the formation of 
segregated quantum structure based switching elements. The present invention can 
be applied to a variety of circuit architectures including (i) single-electron tunneling 
(SET) transistors, (ii) resonant tunneling diode (RTD) based circuitry, (iii) quantum- 
dot cellular automata (QCA), and (iv) quantum computing. Low-power memory can 
be explored using a SET configuration while logic may be more appropriately 
explored using a RTD or QCA configuration. The present invention provides an 
attractive approach to the formation of segregated quantum structures because of its 
compatibility with existing CMOS technology. Since many RTD-based circuits 
require driving transistors, this is an important advantage. 
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[0089] A SET can be built using a segregated quantum structure embedded within a 
casing as the storage node. A metallic etch mask is used as a self-aligned gate 
electrode. Contacts placed beside the device can be added for lateral transport (see 
Figures 1a - c). Vertical transport (see Figures 1d - e) through the device can be 
accomplished by adding a bottom contact. RTDs are essentially large multi-electron 
SETs, which allow tunneling into and out of the zero-dimension segregated quantum 
structure. 

[0090]The devices can also be assembled into 4-leaf clover clusters,.forming QCA 
nodes (Figure 1f). For lateral tunneling, the sidewall oxide could be etched away 
and a self-limiting oxide re-grown (see Figure 3) using a controlled oxidation process 
inside a rapid thermal annealing furnace. Metal contacts can then be deposited 
along these sidewalls using low temperature CVD. Alternative QCA nodes would 
use multiple segregated quantum structures inside one larger pillar (Figure 1g). The 
most unique approach is a vertical QCA node (Figure 1h) whereby two segregated 
quantum structures are contained within a single casing. The advantages here are 
that the electron never needs to tunnel out of the casing and that the vertical 
stacking permits an even greater packing density. Any background charge can be 
controlled by external electrodes added adjacent to the devices. 
[0091] The key for room temperature SET circuits is that the charging energy to add 
one electron, e, to the channel E a = e 2 /C, where C is the capacitance of the island, 
must exceed the background thermal noise. Generally, this requires that E a > 10k B T, 
but it may need to exceed 100k B T for some digital applications. In order to achieve 
this result, a constraint is held upon the segregated quantum structure's size to 
achieve desirable C value. Experimentally, an E a in excess of 1 00 meV has 
exhibited noticeable Coulomb blockade oscillations at room temperature. For a 
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Si/Si02 segregated quantum structure, a sphere size of approximately 20 nm 
resulted in a 3 - 5 aF capacitance for a 150 meV charging energy and room 
temperature operation. However, the placement of segregated quantum structures 
in the SET channel and ability to fashion electrical contacts has proved problematic, 
resulting in lower device yields. 

[0092] In the present invention, vertical confinement is controlled by the epitaxial 
growth processes that can achieve sub-monolayer control, and the lateral 
confinement is dictated by the preferential oxidation of Si versus Ge. Thus, 
segregated quantum structures with diameters below 20 nm are possible with this 
process. Further, the segregated quantum structure is centered and embedded in 
the casings, with precise registration, suitable for fashioning external electrical 
contacts. 

[0093] A strong advantage in studying the SETs above is that prior to achieving the 
dimensional control goals, larger multi-electron SETs can be fashioned into RTDs. 
Thereby extending the impact of the present invention. 

[0094] Future generations of ultra-fast digital signal processing systems will require 
both extremely high device speeds as well as compact circuit topologies in order to 
implement complex logic functions with low power dissipation. Resonant tunneling 
diodes (RTDs) are a promising device technology in this regard, as they exhibit 
extremely high device speeds (switching times as low as 1.5 ps) and the unique 
current-voltage characteristics of RTDs can be used to greatly reduce the circuit 
complexity required to realize high-speed logic functions with low power dissipation. 
There is a significant design history of high-performance logic and mixed-signal 
circuit design using RTDs, although most of this recent design expertise has been 
developed for lll-V compound semiconductor implementations. We build on this 
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knowledge base, with particular emphasis on implementations suitable for mixed 
RTD/CMOS FET device technologies. 

[0095] Circuits that are especially well suited to RTD/FET implementation include 
comparators, latches, and circuits with controlled hysteresis such as Schmidt 
triggers. In each of these instances, the performance of the circuit can be increased 
and the area consumed by the circuit decreased compared to conventional CMOS- 
only implementations by the inclusion of RTDs in the circuit to provide the bistability 
and/or latching functions. 

[0096] The present invention results in a significant improvement in the speed, power 
consumption, and integration density of logic circuits. The coupling of the dramatic 
improvements in functional density (in terms of function/die area) enabled by RTD- 
based circuits with processing based on conventional CMOS fabrication is one way 
to enable the continued progression towards tera-scale integration. This will be 
accomplished in a nearly planar fabrication process that does not require significant 
retooling of some competitive technologies, e.g., self-assembly. The low power 
dissipation of RTD-based circuits will permit significantly higher levels of integration 
than are presently possible for conventional logic circuits. 
[0097] A schematic diagram of a four-segregated quantum structure QCA cell is 
shown in Figure 2a. The cell consists of four-segregated quantum structures 
positioned at the corners of a square. The cell contains two extra mobile electrons, 
which are allowed to tunnel between neighboring sites of the cell. Tunneling out of 
the cell is completely suppressed by the potential barriers between cells. If the 
tunnel barriers between dots are sufficiently high, electrons will be well localized on 
individual segregated quantum structures, and Coulomb repulsion between the 
electrons will tend to make them occupy antipodal sites in the square as illustrated in 
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Figure 2b. For an isolated cell, there are two energetically equivalent arrangements 
of the extra electrons which we denote as a cell polarization P = +1 and P= -1 . The 
term "cell polarization" refers only to this arrangement of charge and does not imply 
a dipole moment for the cell. The cell polarization is used to encode binary 
information; P = +1 represents a binary 1 and P = -1 represents a binary 0. As 
illustrated in Figure 1, the structure of the fundamental QCA cell is well suited for 
implementation using a group of four coupled segregated quantum structures 
fabricated by the methods of the present invention. 

[0098] The present invention is based upon the exploitation of the different heats of 
formation of semiconductor oxides in fabricating segregated quantum structures 
useful for room temperature logic circuits with device-to-device uniformity. For 
example, Si0 2 (-204 kcal/mol) has nearly double the heat of formation of Ge0 2 (-119 
kcal/mol). Therefore, we are able to form germanium (Ge) segregated quantum 
structures embedded in a Si0 2 matrix by lateral nano-oxidation single quantum well 
composed of a Si/SiGe/Si. 

[0099] Previous work has demonstrated that oxidation of silicon (Si) quantum wells 
can create Si quantum wires and segregated quantum structures encased in Si0 2l 
but without the degree of freedom created by SiGe alloys. It has been demonstrated 
that the Si/Si0 2 strain field alone suffices to pinch the oxidation front off and self-limit 
the oxidative process resulting in Si segregated quantum structures with diameters 
below 10 nm. It has also been shown that for oxidation of planar SiGe structures, a 
Ge pile-up occurs in front of the oxidation growth front as the Ge is expelled during 
the preferential oxidation of Si versus Ge. By careful control of the quantum well's 
lateral dimensions, these two effects could be used to control this pile-up to create 
segregated quantum structures embedded, and therefore self-aligned, within the 
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casing produced by the processing. Adjusting the composition and thickness of the 
quantum well during epitaxial growth (vertical direction) can control the segregated 
quantum structure's shape and diameter. Thus, this template introduces a self- 
limiting process for the realization of Ge-rich segregated quantum structures while 
maintaining segregated quantum structure crystallinity. Vertical tunneling barriers 
may also be inserted by a variety of techniques. 

[00100] Alternative lll-V semiconductor material systems also exhibit different 
heats of formation for oxides of binary semiconductors. Thus, this same approach is 
harnessed to realize segregated quantum structures formed in and from other 
material systems. 

[0100] The following describes a processing technique employed by the 

present invention in forming segregated quantum structures. 

[0101] As was pointed out earlier, the preference for Si to oxidize over Ge will 
be exploited to engineer reliable segregated quantum structures. The first stage in 
the realization of the segregated quantum structure is the epitaxial growth of 
quantum wells, as shown in Figure 3a. The quantum well could, for instance, be 
comprised of SiGe sandwiched by Si layers. The semiconductor single quantum 
well could be graded, or a double quantum well employed to create dumbbell shapes 
or multiple segregated quantum structures, respectively. A smaller concentration of 
Ge will yield smaller segregated quantum structures. 

[0102] In Figure 3b the quantum well undergoes electron-beam lithography to 

pattern a metal mask of 10 - 80 nanometers in diameter. After masking, the 
undesired material is removed by plasma etching as represented by Figure 3c, 
thereby forming a pillar. The pillar is then processed, preferably by oxidation, as 
shown in Figure 3d. Typically processing of the quantum well will occur at 
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temperatures ranging from 600 - 1200°C, with a preferred range of from 800 - 900°C. 
The quantum well will typically undergo processing from 5 seconds to 2 hours, with a 
range of 15 - 30 minutes being more preferable. The environment in which the 
quantum wells are processed may comprise atmospheric gases, be enriched with 
oxygen or nitrogen, contain only trace amounts of oxygen or nitrogen, and/or contain 
inert gases. The concentration of the material which forms the segregated quantum 
structure, for example germanium, may comprise between 0.1 - 50% of the quantum 
well with concentrations of from 1 - 25% being more preferred. During processing, 
one material is segregated into discrete structures while another material is 
chemically transformed, preferably into an oxide. Thus, a segregated quantum 
structure is formed inside a casing of oxidized material. The diameter of the 
processed pillar can be controlled by a second etch and re-process step, if 
necessary, as shown in Figure 3e. 

[0103] The second etch and re-process step may be necessary for horizontal 
transport devices because the sidewall may be too think to lateral injection of 
electrons across it. During re-processing the strain field which pinched off and self- 
limited the initial processing will be eliminated or reduced, thereby permitting an even 
smaller segregated quantum structure encased in an even smaller casing. Iterations 
of etching and processing may be employed to control the ultimate size of the 
finished product. 

[0104] While the invention has been described in connection with what is 
presently considered to be the most practical and preferred embodiments, it is to be 
understood that the invention is not to be limited to the disclosed embodiment(s), but 
on the contrary, is intended to cover various modifications and equivalent 
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arrangements included within the spirit and scope of the appended claims, which 
incorporated herein by reference. 



